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(57) ABSTRACT

The present invention is directed to provide a method of
manufacturing an optical module in which optical devices are
optically aligned with high precision regardless of elastic
return of bonding bumps. The invention provides a method of
manufacturing an optical module including the steps of form-
ing bumps for bonding made of metal on a substrate, and
bonding a second optical device on the bonding bumps by
applying a load so that the bumps for bonding are deformed
only by a predetermined amount from a position where a first
optical device and the second optical device are optically
coupled most efficiently and, after that, releasing the load.

4 Claims, 14 Drawing Sheets

103
{

\ [0
|

ALIGNING AND

MOUNTING DEVICE

DRIVER

r
12 e eSS SELECES

w0




US 9,214,446 B2
Page 2

(52) US.CL
CPC oo HOIL 2924/01029 (2013.01); HOIL
2924/0132 (2013.01); HOIL 2924/01033
(2013.01); HOIL 2924/01075 (2013.01); HOIL
2924/01079 (2013.01); Y10T 156/1039
(2015.01)

(56) References Cited

FOREIGN PATENT DOCUMENTS

JP 2001189339 A * 7/2001
JP 2002-111113 4/2002
JP 2005-311298 11/2005
JP 2007-133011 5/2007

OTHER PUBLICATIONS

Translation of JP 2007-133011, published May 31, 2007, first Inven-
tor Shimizu Takanori, Applicant NEC Corporation, original docu-
ment previously submitted by IDS.*

European Search Report and Annex dated Jun. 19, 2012 issued in EP
12 159 734.8.

Chang, Shyh-Ming et al., “Internal Stress and Connection Resistance
Correlation Study of Microbump Bonding,” IEEE, vol. 24, No. 3,
Sep. 2001. pp. 493-499.

Office Action for JP Patent Application No. 2011-0609 16 mailed Jul.
1,2014.

Office Action for Counterpart CN Application No. 201210070077.7
mailed Jun. 3, 2015.

* cited by examiner



U.S. Patent Dec. 15, 2015 Sheet 1 of 14 US 9,214,446 B2

Fig.1B
1
40
/ 30 / 20 0
[ I—L ,/ -

50



U.S. Patent

Dec. 15, 2015 Sheet 2 of 14

Fig.2

S10

FORM Au FILM ON Si SUBSTRATE

v

/f811
FORM RESIST PATTERN ON Au FILM

v

PERFORM ETCHING(1) FOR
FORMING Au PATTERN

§12
e

v

FORM RESIST PATTERN FOR
u BUMPS ON Au PATTERN

/813

v

FOR FORMING 4 BUMPS
v

PERFORM ETCHING(®) |/ S'%

FORM ¢ BUMPS ON Au PATTERN

v

SURFACE ACTIVATING PROCESS

v 317
MONT LD V

v

END

JfS18
ALIGN AND MOUNT PPLN

US 9,214,446 B2



U.S. Patent

Fig.3A

Fig.3B

Dec. 15, 2015 Sheet 3 of 14 US 9,214,446 B2

s

13

T

@@@‘”@@@

Fi 3 C“?%WM%
1g. IR RIS SRS S v
° L Z i
ey el
: —F S
Fig.3D IR RRRDR Pz T2 N

e




U.S. Patent Dec. 15, 2015 Sheet 4 of 14 US 9,214,446 B2

FigaA  Dossnane

g 15 18" 15" 15" 1% 18 15'

Fig.4B

Fig.4C




U.S. Patent Dec. 15, 2015 Sheet 5 of 14 US 9,214,446 B2

19 - 2g
. 1
Fig.5A 2
> M
// // /// 10
CONTROLLER "
103 ]
\ [/ 0 |
: ! ALIGNING AND 104
Fig.5B =1 MOUNTING DEVICE | | DRIVER
20
.
7 *W‘I
__________ =

f ’]2 A L AL AAAASAAR AR AR AR RGBSR GG 22

IS

.30
. —_‘[:':—j/ //20
. 18
Fig.5C -

~—11

Al




U.S. Patent Dec. 15, 2015 Sheet 6 of 14 US 9,214,446 B2

Fig.6

30

21




US 9,214,446 B2

Sheet 7 of 14

Dec. 15, 2015

U.S. Patent

(N} avo

S 007 00e 002

Q0L 0

NOLLISOd 2~
INTYA RONIXVR

’

L4

~
[ S

- b e =

I

b3

-

\

e e e e o — . —— = — g m -

_—_— e e m medh E ey —— s - -

— - ——

(AW) 3NWVA
J9YLI0A 1NdINO



U.S. Patent Dec. 15, 2015 Sheet 8 of 14 US 9,214,446 B2

Fig.8

103

[

ALIGNING AND
MOUNTING DEVICGE

> iW’I
«]8 -———IN ---'.'.'.'.'.T.:%é

A




U.S. Patent Dec. 15, 2015 Sheet 9 of 14 US 9,214,446 B2

Fig.9A

12

Al N q
bk 7 L L L L Llod Lol [ L L L L L L
B SOOI NSNS SSSIONSS SNSNSANANSSANADNDD S

-
Y.__
.
| -




U.S. Patent Dec. 15, 2015 Sheet 10 of 14 US 9,214,446 B2

Fig.10

/820
FORM Au FILM ON Si SUBSTRATE

v 821
FORM RESIST PATTERN ON Au FILM

v
PERFORM ETCHING (1) FOR | /°%2
FORMING Au PATTERN

v

FORM RESIST PATTERN FOR |/ 523
4 BUMPS ON Au PATTERN

PERFORM ETCHING(2) |52
FOR FORMING 4 BUNPS

v 525
FORM 1z BUWPS ON Au PATTERN
y 826
SURFACE ACTIVATING PROCESS
v 827
NUNT LDV
v 328
APPLY RESIN V
v

/829
ALIGN AND MOUNT PPLN WITH HEAT




U.S. Patent Dec. 15, 2015 Sheet 11 of 14 US 9,214,446 B2

.19 70 — 20
. 8
Fig.11A | 2
>\\\\\\\\\\\\\\\\\\\ ,‘1
// // /// -0
CONTROLLER .
703
1 i ) /. 04
Fig.11B ALIGNING AND /
d ™1 MOUNTING DEVICE DRIVER |
bo02 ] 20
*ws
/ Lﬁ;;%;mwg | i
DETECTOR v
0
I
HEATING
70
30 = F /4 20
R / al 18
Fig.11C = -
13|

/,—10
yd




U.S. Patent Dec. 15, 2015 Sheet 12 of 14 US 9,214,446 B2

Fig.12




U.S. Patent Dec. 15, 2015 Sheet 13 of 14 US 9,214,446 B2

Fig.13A
Z
5{' 57 50 T
{ NI
/ —
/l //»\_/10
Fig.13B
32 o1 40
30 ( z
\ 7 57 A

- -




US 9,214,446 B2

Sheet 14 of 14

Dec. 15, 2015

U.S. Patent

oL
N._\ m\_\ N_\/ { .
L/ }
\ o
\m €5
o . I s ] 40103130
7 ( /N,S
0 7
0t 05, |
4IATHC m_o;w_m wﬁuﬁ . —1~ ¥ITI041NGD
NV 9 X
sor” g coL” N
| L0L
8_\\\
1614



US 9,214,446 B2

1
METHOD OF MANUFACTURING OPTICAL
MODULE

The entire content of Japanese Patent Application No.
2011-060916 is hereby incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to a method of manufacturing
an optical module and, more specifically, to a method of
manufacturing an optical module including a plurality of
optical devices bonded by using bonding bumps.

BACKGROUND OF THE INVENTION

A method of mounting a semiconductor laser element, and
joining a photodiode to a copper heat sink using bonding
bumps to optically align the semiconductor laser element and
the photodiode with high precision is known (for example,
refer to Japanese Unexamined Patent Application Publication
No. H10-208269 (FIG. 1)).

In the method, in the case of joining the photodiode with
the bonding bumps, the relationship between pressure applied
to the bonding bumps and height of the bonding bumps
deformed according to the applied pressure is examined in
advance, and a proper application pressure is selected accord-
ing to the relationship.

SUMMARY OF THE INVENTION

There is however no technique of positioning in the height
direction of an optical device in submicron order by pressing
bonding bumps.

When aload is applied to the bonding bumps to deform the
bonding bumps and, after that, is released, a force of returning
from the deformed position to the original position acts on the
deformed bonding bumps by elasticity of the bonding bumps.
Evenifthe optical devices are aligned in a state where the load
is applied to the bonding bumps, when the load is released
(the applied load is removed), the bonding bumps are
deformed again to return to the original state. The relative
positions of the optical devices change which is inconvenient.

The re-deformation that the bonding bumps are deformed
again to the state before the deformation after the load is
released will be called “elastic return of bonding bumps”, and
the deformation amount will be called “elastic return
amount”. The “elastic return amount” changes according to
the amount of a load applied, the material of the bonding
bumps, the shape of the bonding bumps, and the like.

Therefore, an object of the present invention is, to provide
a method of manufacturing an optical module to solve the
problem.

Another object of the invention is to provide a method of
manufacturing an optical module in which optical devices can
be optically aligned with high precision regardless of an
elastic return of bonding bumps.

A method of manufacturing an optical module according to
the present invention includes steps of forming bonding
bumps made of metal on a substrate, and bonding a second
optical device on the bonding bumps by applying a load so
that the bonding bumps are deformed only by a predeter-
mined amount from a position where a first optical device and
the second optical device are optically coupled most effi-
ciently and, after that, releasing the load.

According to the present invention, the second optical
device is bonded on the bonding bumps based on the elastic
return amount of the bonding bumps. Consequently, also in a
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state in which the load is released, the first and second optical
devices can be aligned with high precision.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are diagrams illustrating a semiconductor
laser module 1.

FIG. 2 is a flowchart for explaining processes of manufac-
turing the semiconductor laser module 1.

FIGS. 3A, 3B, 3C and 3D are diagrams (1) illustrating
processes of manufacturing the semiconductor laser module
1.

FIGS. 4A, 4B and 4C are diagrams (2) illustrating pro-
cesses of manufacturing the semiconductor laser module 1.

FIGS. 5A, 5B and 5C are diagrams (3) illustrating pro-
cesses of manufacturing the semiconductor laser module 1.

FIG. 6 is a diagram illustrating the positional relation
between an LD element 20 and a PPLN element 30.

FIG. 7 is a graph showing the relation between output
voltage of a detector 102 and aload applied by an aligning and
mounting device 103.

FIG. 8 is a diagram showing another example of the pro-
cess of manufacturing the semiconductor laser module 1.

FIGS. 9A, 9B and 9C are diagrams for explaining other
microbumps.

FIG. 10 is a flowchart for explaining processes of another
semiconductor laser module 2.

FIGS. 11A, 11B and 11C are diagrams illustrating pro-
cesses of manufacturing the another semiconductor laser
module 2.

FIG. 12 is a diagram for explaining bonding between a
substrate 10 and a sub-substrate 40.

FIGS. 13 A and 13B are diagrams illustrating the positional
relationship between the PPLN element 30 and a fiber 50.

FIG. 14 is a diagram (4) illustrating the process of manu-
facturing the semiconductor laser module 1.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Hereinafter, with reference to the drawings, a method of
manufacturing an optical module according to the present
disclosure will be described. It should be noted that the tech-
nical scope of the present invention is not limited to embodi-
ments of the invention but covers the invention described in
the claims and its equivalent.

FIG. 1A is a perspective view of a semiconductor laser
module 1 as an example of an optical module and FIG. 1B is
a side view in the Y-axis direction of the semiconductor laser
module 1.

The semiconductor laser module 1 includes a silicon sub-
strate 10, an LD (Laser Diode) element 20, a PPLN (Periodi-
cally Poled Lithium Niobate) element 30 for converting the
wavelength of light emitted from the LD element 20, a sub-
substrate 40 made of silicon or glass, and an optical fiber 50.
For example, the semiconductor laser module 1 functions to
convert single-mode laser near-infrared light having wave-
length of 1,064 nm emitted from the LD element 20 to green
laser light having wavelength 0of 532 nm in the PPLN element
30 and emit the green laser light. The light emitted from the
PPLN element 30 is transmitted through the single-mode
optical fiber (SMF) 50 bonded to the silicon substrate 10 via
the sub-substrate 40.

In the semiconductor laser module 1, elements are opti-
cally coupled so that light emitted from the LD element 20
can efficiently enter the PPLN element 30. To increase the
optical coupling efficiency, those elements are requested to be
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aligned at extremely high precision. The positional precision
in the plane direction (XY plane) on the silicon substrate 10 in
FIG. 1A is adjusted by a mounting device at the time of
mounting by providing reference marks such as alignment
marks on the silicon substrate 10.

However, normally, with respect to the precision in the
height direction (Z direction) in FIG. 1A, without taking any
measure, the mounting height is determined by contact points
between the silicon substrate 10 and each of the LD element
20 and the PPLN element 30. Consequently, by forming
microbumps as bonding bumps which will be described later
on the silicon substrate 10 and deforming the microbumps by
applying a predetermined load to the microbumps at the time
of mounting the PPLN element 30, the precision in the height
direction (z direction) is maintained.

In the case of mounting the LD element 20 and the PPLN
element 30 on the silicon substrate 10, a bonding material
such as resin, AuSn, or solder can be used. Although the
position adjustment can be performed by vertically moving
the elements during the bonding material is in a liquid form,
when the bonding material is cooled and solidified, the bond-
ing material is shrunk and deformed unpredictably. It is con-
sequently difficult with high-precision to adjust the position
in the height direction (Z direction).

The semiconductor laser module 1 is an example of the
optical module. It is not interpreted that the optical module is
limited to the semiconductor laser module 1. The optical
module can be preferably applied to other modules each
having two or more optical devices optically coupled. For
example, as will be described later, the optical module can be
used for optical coupling between the LD element 20 and the
PPLN element 30 or optical coupling between the PPLN
element 30 and the optical fiber 50 fixed to the sub-substrate
40. The optical coupling denotes that the positional relation of
optical devices is determined so that light output from one of
the optical devices directly enters the other optical device.

With reference to FIG. 2 to FIG. 5C, a part regarding
bonding of the LD element 20 and the PLLN element 30, in
processes of manufacturing the semiconductor laser module
1 as an example of the optical module will be described. FIG.
2 is a flowchart for explaining processes of manufacturing the
semiconductor laser module 1. FIGS. 3A to 3D to FIGS. 5A
to 5C are diagrams for more specifically explaining the pro-
cesses of manufacturing the semiconductor laser module 1
illustrated in FIG. 2.

First, the silicon substrate 10 is prepared. FIG. 3A is across
sectional view of the silicon substrate 10.

Next, the entire silicon substrate 10 is heated in an oxidiz-
ing atmosphere and an SiO, (silicon dioxide) thin film 11 is
formed on the silicon substrate 10. A Ti (titanium) thin film 12
is formed on the SiO, thin film 11 by vapor deposition. Fur-
ther, an Au layer 13 having a thickness of 3 um is formed on
the Ti thin film 12 by vapor deposition (S10) (refer to FIG.
3B). The Au layer 13 may be formed by, in addition to vapor
deposition, sputtering, electrodeposition, or the like. The
Si0, thin film 11 functions as an insulating layer insulating
between the silicon substrate 10 and microbumps 18 which
will be described later. The Ti thin film 12 is formed to
increase adhesion between the SiO, thin film 11 and the Au
layer 13.

Subsequently, a photoresist layer 14 is formed on the Au
layer 13, a mask layer 9 is disposed, and ultraviolet light is
applied so that a photoresist 14' corresponding to the mask
layer 9 is formed (S11) (refer to FIG. 3C).

The Au layer 13 and the Ti thin film 12 out of the part in
which the photoresist 14' is formed are etched by dry etching
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to form an Au layer pattern 13' (S12) (refer to FIG. 3D). The
Au layer pattern 13' may be formed by wet etching in place of
dry etching.

After removing the photoresist 14', the photoresist layer 15
is formed again, a mask layer 16 is disposed, and ultraviolet
light is applied so that a photoresist 15' corresponding to the
mask layer 16 is formed (S13) (refer to FIG. 4A).

The Au layer pattern 13' out of the part in which the pho-
toresist 15' is formed is half-etched by dry etching to form the
microbumps 18 and microbumps 19 (S14) (refer to FIG. 4B).
The microbumps 18 and 19 may be formed by wet etching in
place of dry etching. The half-etching is etching performed so
that the pattern out of the part in which the photoresist 15' is
formed is not entirely removed but partially remains. In the
embodiment, on the outside of the part in which the photore-
sist 15'is formed, etching is performed so that the thickness of
Au layer pattern 13' is 1 pm.

Subsequently, the photoresist 15' is removed, and forma-
tion of the microbumps 18 and 19 on the silicon substrate is
completed (S15) (refer to FIG. 4C). The microbumps 18 and
19 as a plurality of columnar projections each having a height
of 2 um and a diameter of 5 um are disposed at pitches of 10
to 25 pm equally in the horizontal direction. The values of
shape, height, width, pitch, and the like of the projection are
an example and are not limited to the above-mentioned ones.
The microbumps 18 and 19 are based on the Au layer 13
formed by sputtering (S10) and formed by half-etching (S14),
so that the heights of all of the projections included in the
microbumps 18 and 19 are uniformed with high precision.

By plasma-cleaning an oxide film or an inactive layer such
as contamination covering the surface of the microbumps 18
and 19, the surface is activated (S16). Since atoms having
high surface energy can be made come into contact with each
other by the surface activation, bonding can be firmly per-
formed at room temperature by using adhesion between the
atoms. This bonding method does not require special heating
and occurrence of a positional deviation of each of the parts
caused by residual stress of a thermal expansion coefficient
difference is suppressed, so that high-precision alignment and
mounting can be performed. The method also has advantages
such that destruction of parts caused by the residual stress of
a thermal expansion coefficient difference does not easily
occur, no stress is applied to the parts, and very little deterio-
ration in functions.

Next, the LD element 20 is mounted on the surface-acti-
vated microbumps 18 (S17) (refer to FIG. 5A). An Au layer is
formed also on the bonding face of'the LD element 20, and its
surface is subjected to activating process. Therefore, only by
mounting the LD element 20 on the microbumps 18 and
applying a predetermined load, the LD element 20 is surface-
activated and bonded to the microbumps 18 and fixed. The LD
element 20 can receive supply of drive current via the
microbumps 18. In this case, it is sufficient to perform prede-
termined patterning for supplying drive current on the Au
layer pattern 13' for forming the microbumps 18.

The LD element 20 is mounted by a mounting device for
attaching not-shown electronic parts on the circuit board. The
LD element 20 may be mounted by using an aligning and
mounting device 103 used in S18 to be described later.

The PPLN element 30 is aligned and mounted on the sur-
face-activated microbumps 19 (S18) (refer to FIG. 5B), and
the series of processes are finished. An Au layer is formed also
on the bonding surface of the PPLN element 30, and the
surface is subjected to the activating process. Therefore, only
by mounting the PPLN element 30 on the microbumps 19 and
applying a predetermined load, the PPLN element 30 is sur-
face-activated and bonded on the microbumps 19 and fixed.
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The alignment and mounting in S18 is performed by using
an aligning and mounting apparatus 100. The aligning and
mounting apparatus 100 includes: a controller 101 con-
structed by, for example, a PC including a CPU, a predeter-
mined memory, and the like; a detector 102 detecting inten-
sity of a wavelength-converted laser beam output from the
PPLN element 30 and outputting detection output voltage v
(mV) according to the intensity; the aligning and mounting
device 103 capable of mounting an electronic part in a pre-
determined position on the silicon substrate 20 and applying
a load (N) according to a control amount at the time of
mounting; and a driver 104 driving the LD element 20 to emit
a laser beam.

The controller 101 controls the driver 104 to drive the LD
element 20 and make the laser beam enter the PPLN element
30, and the intensity of the wavelength-converted laser beam
emitted from the PPLN element 30 is detected by the detector
102. Further, the controller 101 controls the aligning and
mounting device 103 while monitoring output voltage V
detected by the detector 102 to control the load applied to the
PPLN element 30.

FIG. 6 is a diagram illustrating the positional relation
between the LD element 20 and the PPLN element 30.

A laser beam having a wavelength A1 emitted from a light
emission center 21 of the LD element 20 enters an incident
position 31 in the PPLN element 30 and goes out as a laser
beam having a wavelength A2 from an outgoing center 32 of
the PPLN element 30. As shown in FIG. 6, the LD element 20
and the PPLN element 30 are mounted on the silicon substrate
10 by the aligning and mounting device 103, the positional
relation in the plane (the positional relation in the X-Y axis
direction) between the light emission center 21 of the LD
element 20 and the incident position 31 in the PPLN element
30 is determined with high precision. However, the positional
relation in the height direction (Z-axis direction) of the silicon
substrate 10 has to be determined with high precision. In FIG.
6, the arrow A shows a direction in which a load is applied to
the PPLN element 30 by the aligning and mounting device
103.

FIG. 7 is a graph showing the relation between output
voltage of the detector 102 and a load applied by the aligning
and mounting device 103.

InFIG. 7, the curve B indicates the relation between output
voltage (mV) of the detector 102 and the load (N) applied by
the aligning and mounting device 103 in a state where the load
is applied. The curve C indicates the relationship between the
output voltage (mV) of the detector 102 and the final load (N)
applied by the aligning and mounting device 103 after the
load is released. In the example of FIG. 7, in the state where
the load is applied, in the case where the load is 400 (N), the
output voltage (mV) of the detector 102 becomes the maxi-
mum value (refer to point D). However, after the load is
released, in the case where the final load is 400 (N), the output
voltage (mV) of the detector 102 does not become the maxi-
mum value (refer to point E).

The point D corresponds to the case where the microbumps
19 are deformed by applying a load to the PPLN element 30
to set the incident position 31 of the PPLN element 30 to a
position (refer to the position P2 in FIG. 6) in which the
incident position 31 is most-efficiently optically coupled to
the light emission center 21 of the LD element 20 and, in this
state, the load is released. The microbumps 19 have a char-
acteristic such that when the load is applied, the microbumps
19 are deformed (pressed) and shrunk. When the load is
released by elastic rebound, the force of returning to the
original state works, and the microbumps 19 return to the
original state only by the elastic return amount. That is, the
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point E corresponds to the case where when the load is
released in the state of the point D, the incident position 31 of
the PPLN element 30 moves to another position (for example,
refer to the position P1 in FIG. 6) by the elastic return.

In the state where the load is released (state where the
semiconductor laser module 1 is actually used), the incident
position 31 of the PPLN element 30 has to be set to the
position (refer to the position P2 in FIG. 6) in which the
incident position 31 is most-efficiently and optically coupled
to the light emission center 21 of the LD element 20. Conse-
quently, in the aligning and mounting in S18, the controller
101 controls the aligning and mounting device 103 as follows.
The PPLN element 30 is disposed in the predetermined posi-
tion of the microbumps 19. While increasing the load applied,
after the output voltage V from the detector 102 becomes the
maximum value, a predetermined load amount is applied to
further deform the microbumps 19 and, then, the load is
released.

Specifically, after the output voltage V from the detector
102 becomes the maximum value (refer to the point D), the
controller 101 further applies a predetermined load amount
(F: 200(N)) and, after that, the load is released. The predeter-
mined load F is further applied so that the incident position 31
of'the PPLN element 30 is pushed into a position (refer to the
position P3 in FIG. 6) deeply pushed from the light emission
center 21 of the LD element 20 only by the distance W1
shown in FIG. 6. After that, by releasing the load, the incident
position 31 of the PPLN element 30 returns to the position
where it is most-efficiently optically coupled to the light
emission center 21 of the LD element 20 (refer to P2 in FIG.
6) by elastic return (refer to FIG. 5C).

The above-described predetermined load amount (F: 200
(N)) varies depending on the shape of the aligning and mount-
ing device 103 and the PPLN element 30 to which the load is
applied, the material and the shape of the microbumps 19, and
the like. It can be calculated by conducting an experiment to
obtain the curves B and C shown in FIG. 7. In the aligning and
mounting in S18, after the output voltage V from the detector
102 becomes the maximum value, the controller 101 controls
the aligning and mounting device 103 so as to apply a prede-
termined load. However, the user may control the aligning
and mounting device 103 while observing the output voltage
V from the detector 102 by a monitor.

FIG. 8 is a diagram showing another example of the pro-
cess of manufacturing the semiconductor laser module 1.

With reference to FIG. 8, the aligning and mounting of the
another PPLN element 30 will be described. In the example of
FIG. 5B (S18 in FIG. 2), after the output voltage V from the
detector 102 becomes the maximum value, the controller 101
controls the aligning and mounting device 103 so as to apply
a predetermined load. However, for the microbumps 18 and
19, the LD element 20, and the PPLN element 30 manufac-
tured with a predetermined reference, it is not always neces-
sary to make the LD element 20 emit light and individually
perform the aligning and mounting according to the output
voltage V from the detector 102.

In the example of FIG. 8, the load at which the output
voltage V from the detector 102 becomes the maximum value
(refer to the point D in FIG. 7) is predicted and, in addition to
the load (for example, 400(N)), the above-described prede-
termined load amount (F: 200(N)) is applied (for example,
600 (N) in total). By the application, the incident position 31
of the PPLN element 30 is pushed into the position (refer to
the position P3 in FIG. 6) which is further deeply pushed from
the light emission center 21 of the LD element 20 only by the
distance W1 shown in FIG. 6 and, after that, the load is
released. The incident position 31 of the PPLN element 30
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returns to the position where it is most-efficiently optically
coupled to the light emission center 21 of the LD element 20
(referto P2 in FIG. 6) by elastic return. That is, in the example
of FIG. 8, using only the aligning and mounting device 103,
without using the controller 101, the detector 102, and the
driver 104 shown in FIG. 5B, the positional relation in the
height direction (Z-axis direction) between the PPLN ele-
ment 30 and the LD element 20 is set.

The method shown in FIG. 8 is different from the manu-
facturing process of the semiconductor laser module 1 illus-
trated in FIG. 2 only with respect to the point that only the
aligning and mounting device 103 is used and the controller
101, the detector 102, and the driver 104 are not used in the
aligning and mounting process (S18 in FIG. 2). Since the
other points, particularly, the process of manufacturing the
microbumps 18 and 19 and the method of bonding the LD
element 20 and the PPLN element 30 and the microbumps 18
and 19 are the same, their description will not be repeated.

FIGS. 9A to 9C are diagrams for explaining other
microbumps.

The microbumps 18 and 19 shown in FIGS. 4 and 5 include
a plurality of projections each having a columnar shape and
having a height of 2 um and a diameter of 5 pm, which are
disposed at pitches of 10 to 25 um equally in the horizontal
direction. Other microbumps 18' and 19' shown in FIG. 9A
include a plurality of projections each having a truncated cone
shape. FIG. 9A is a cross section of the microbumps 18' and
19" and others, and corresponds to FIG. 4C. FIG. 9B is a cross
section of a projection part 60 included in the microbumps 18'
and 19', and FIG. 9C is a diagram showing an example of a
pressed projection part 61 included in the microbumps 18'
and 19'.

As shown in FIG. 9B, in the truncated-cone-shaped pro-
jection part 60, the bottom face has a circular shape having a
diameter S1 (for example, 2 pm), the top face has a circular
shape having a diameter S2 (for example, 1 um), and height is
T1 (for example, 2 pm). The microbumps 18' and 19' include
the projection parts 60 which are disposed at pitches of 2 pm
and equally in the horizontal direction.

FIG. 9C shows an example of the projection part 61 which
is pressed at the time of aligning and mounting the PPLN
element 30. In the truncated-cone-shaped projection part 61,
the bottom face has a circular shape having a diameter S1 (for
example, 2 um), and height is T2 (for example, 1 um). In this
case, therefore, the truncated-cone-shaped projection part is
pressed only by distance W2 (for example, 1 pm) by the
aligning and mounting.

The microbumps 18' and 19' each having the truncated
cone shape of which top face is slightly smaller are pressed
more easily as compared with the microbumps 18 and 19 each
having a columnar shape shown in FIGS. 4B and 4C and
FIGS. 5A to 5C in the case of applying the same load. There
is consequently an effect that the control for alignment is
easier (for the reason that the aligning and mounting device
103 does not have to apply a high load).

With reference to FIG. 10 and FIGS. 11A to 11C, another
method of a part related to bonding of the LD element 20 and
the PLLN element 30 in the processes of manufacturing the
semiconductor laser module 1 as an example of the optical
module will be described. FIG. 10 is a flowchart for explain-
ing processes of the semiconductor laser module 2. FIGS.
11A to 11C are diagrams for explaining processes of manu-
facturing the semiconductor laser module 2 shown in FIG. 10
more specifically.

The difference between the semiconductor laser module 2
and the foregoing semiconductor laser module 1 is the point
that, in the semiconductor laser module 2, the PPLN element
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30 and the microbumps 19 are fixed by a thermosetting bond-
ing resin. Therefore, the Au layer is not formed on the sub-
strate on the microbumps side of the PPLN element 30. Since
it is unnecessary to supply current to the PPLN element 30 in
the semiconductor laser module 2, the MN element 30 is fixed
on the microbumps 19 by a thermosetting bonding resin with-
out using a high-cost Au layer. Except for this point, the
semiconductor laser module 2 is similar to the semiconductor
laser module 1. Accordingly, S20 to S25 and S27 in the
processes of manufacturing the semiconductor laser module
2 shown in EXG. 10 are the same as S10 to S15 and S17 in the
processes of manufacturing the semiconductor laser module
1 shown in FIG. 2, and their description will not be repeated.

In the processes of manufacturing the semiconductor laser
module 2 shown in FIG. 10, the surface activation is per-
formed by performing cleaning and/or a treatment using
plasma only on the surface of the microbumps 18 in S26. The
surface activating process may be performed also on the
microbumps 19.

The LD element 20 is mounted in S27 like in S17 in FIG.
2 and, after that, a resin 70 for bonding is applied on the
microbumps 19 (refer to FIG. 11A). As the resin 70 for
bonding, a thermosetting resin, a UV curable resin, or the like
for optical parts can be used.

Subsequently, the PPLN element 30 is aligned and
mounted with heat on the resin 70 for bonding (S29) (refer to
FIG. 11B). The aligning and mounting method in S29 is the
same as that in S18 in FIG. 2 and in FIG. 5B. Therefore, the
controller 101 preliminarily considers the elastic return
amount of the microbumps 19 and, after the output voltage V
from the detector 102 becomes the maximum value (refer to
the point D), further applies a predetermined load amount (F:
200(N)) to the PPLN element 30. That is, the controller 101
further applies a predetermined load so that the incident posi-
tion 31 of the PPLN element 30 is pushed in to a position
which is further deeply pressed from the light emission center
21 of the LD element 20 only by the distance W3 shown in
FIG. 11B. However, in the aligning and mounting with heat,
heating is performed to harden the resin 70 for bonding in a
state where the load is further applied.

When the load is released, the incident position 31 of the
PPLN element 30 returns to the position where it most-effi-
ciently optically couples to the light emission center 21 of the
LD element 20 by elastic return (refer to FIG. 11C). After that,
the series of processes are finished.

With reference to FIG. 10 and FIGS. 11A to 11C, bonding
between the PPLN element 30 and the silicon substrate 10
using the resin 70 for bonding has been described. The LD
element 20 and the silicon substrate 10 may be bonded by
using the resin 70 for bonding. In the case where it is neces-
sary to make the LD element 20 and the silicon substrate 10
conducted via the microbumps 18, it is sufficient to make the
resin 70 for bonding penetrate the microbumps 18. Further, in
the case where it is necessary to make the LD element 20 and
the silicon substrate 10 conducted by an adhesive, it is suffi-
cient to bond the LD element 20 and the silicon substrate 10
by using a conductive adhesive.

Also in the case of bonding the LD element 20 or the PPLN
element 30 and the silicon substrate 10 by using an adhesive,
as described with reference to FIG. 8, in the aligning and
mounting process (S18 in FIG. 2), only the aligning and
mounting device 103 may be used without using the control-
ler 101, the detector 102, and the driver 104.

With reference to FIGS. 12 to 14, bonding of the sub-
substrate 40, in the processes of manufacturing the semicon-
ductor laser module 1 as an example of the optical module
will be described. FIG. 12 is a diagram for explaining bonding
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between the substrate 10 and the sub-substrate 40. FIGS. 13A
and 13B are diagrams illustrating the positional relationship
between the PPLN element 30 and the fiber 50. FIG. 14 is a
diagram for explaining aligning and mounting of the sub-
substrate 40.

As shown in FIG. 12, a rectangular groove 51 is formed in
the sub-substrate 40, and a front-end part 58 of the optical
fiber 50 is fit in the rectangular groove 51 and fixed by an
adhesive 57. It is also possible to form a V-shaped groove in
place of the rectangular groove 51 in the sub-substrate 40 and
fit and fix the front-end part 58 of the optical fiber 50 in the
V-shaped groove. Metal thin films 54 and alignment marks 56
are provided in a bonding face ofthe sub-substrate 40. In parts
corresponding to the sub-substrate 40 in the silicon substrate
10, a fiber escape groove 52, microbumps 53, and alignment
marks 55 are provided.

The sub-substrate 40 is mounted on the silicon substrate 10
by the aligning and mounting device 103 as will be described
later. When the sub-substrate 40 is mounted, positions are
roughly determined by the alignment marks 55 and alignment
marks 56. After that, while detecting an output from the
optical fiber 50 by the detector 102, the positions in the X-axis
direction, Y-axis direction, and Z-axis direction are deter-
mined in the submicron order, and the sub-substrate 40 is
bonded on the silicon substrate 10. The microbumps 53
formed onthe joint face of the sub-substrate 40 and the silicon
substrate 10 are subjected to the plasma cleaning process so
that the surface is activated and, after that, bonded by a load
applied from the aligning and mounting device 103. The
microbumps 53 made of gold formed on the silicon substrate
10 are formed on the silicon substrate 10 by a method similar
to the above-described method of forming the microbumps 18
and 19.

FIG. 13A is a cross section taken along line B-B' in FIG.
1A. Asillustrated in FIG. 13 A, the optical fiber 50 fixed in the
rectangular groove 51 in the sub-substrate 40 by an adhesive
57 can move in the fiber escape groove 52 provided in the
silicon substrate 10 by moving sub-substrate 40 in the X-axis
and Y-axis directions by the aligning and mounting device
103. That is, the position adjustment in the X-axis and Y-axis
directions can be performed within the range of the width W4
of the fiber escape groove 52. In FIG. 13A, the microbumps
53 and the like are not shown.

FIG. 13B is a cross section taken along line C-C' in FIG.
1A. As shown in FIG. 13B, the front-end part 58 of the optical
fiber 50 fixed in the sub-substrate 40 is optically coupled to
the outgoing center 32 of the PPLN element 30 with high
precision and receives a wavelength-converted green laser
beam having a wavelength of 532 nm which is output from the
outgoing center 32 of the PPLN element 30. The green laser
beam having a wavelength of 532 nm received by the front-
end part 58 of the optical fiber 50 propagates through the
optical fiber 50. Although the microbumps 53 and so one are
not shown in FIG. 13B, the alignment of the outgoing center
32 of the PPLN element and the front-end part 58 of the
optical fiber 50 in the Z direction is controlled by the
microbumps 53.

With reference to FIG. 14, aligning and mounting of the
sub-substrate 40 will be described. The example of FIG. 5B
(S18 in FIG. 2) relates to the aligning and mounting of the
PPLN element 30. In FIG. 14, by a similar method, the sub-
substrate 40 is aligned and mounted so that the outgoing
center 32 of the PPLN element 30 and the front-end part 58 of
the optical fiber 50 are optically coupled with high precision.
It is assumed that, prior to the aligning and mounting of FIG.
14, the surface of the metal thin film 54 on the joint face side
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of'the sub-substrate 40 and the microbumps 53 on the silicon
substrate 10 are subjected to the plasma cleaning process.

The aligning and mounting in FIG. 14 is performed by
using the aligning and mounting device 100 in a manner
similar to the case of FIG. 5B. The controller 101 controls the
driver 104 to drive the LD element 20 and make the laser
beam enter the PPLN element 30, and the intensity of a laser
beam emitted from the PPLN element 30 and transmitted
through the optical fiber 50 is detected by the detector 102.

First, the controller 101 controls the aligning and mounting
device 103 while monitoring the output voltage V detected by
the detector 102 and, while moving the sub-substrate 40 in the
X-axis and Y-axis directions, determines the position where
the output voltage V is the highest (first stage). As described
above, since the optical fiber 50 can move in the range of the
width W4 in the optical fiber escape groove 52, the aligning
and mounting device 103 moves the sub-substrate 40 in the
X-axis and Y-axis directions in this range.

Next, the controller 101 controls the aligning and mounting
device 103 and disposes the sub-substrate 40 on the
microbumps 53 in the position where the output voltage V is
the highest in the first stage.

While monitoring the output voltage V detected by the
detector 102, the controller 101 controls the aligning and
mounting device 103 to control the load applied to the sub-
substrate 40 and to position the sub-substrate 40 in the Z-axis
direction (second stage). After the output voltage V from the
detector 102 becomes the maximum value, the controller 101
further applies a predetermined load amount and, then,
releases the load. A predetermined load is further applied so
that the front-end part 58 of the optical fiber 50 fixed in the
sub-substrate 40 is in the position which is further deeply
pressed from the outgoing center 32 of the PPLN element 30
only by predetermined distance. After that, by releasing the
load, the front-end part 58 of the optical fiber 50 fixed to the
sub-substrate 40 returns to the position where it is optically
coupled to the outgoing center 32 of the PPLN element 30
most efficiently by elastic return. The above point is based on
the theory similar to the aligning and mounting for optically
coupling the PPLN element 30 and the LD element 20
described with reference to FIGS. 5A to 5C to FIG. 7. As
described above, the sub-substrate 40 is positioned in the
X-axis and Y-axis directions in the first stage and is positioned
in the z-axis direction in the second stage.

In the method of bonding the sub-substrate 40 described
with reference to FIGS. 12 to 14, as explained with reference
to FIG. 8, only application of a predetermined load may be
performed using only the aligning and mounting device 103
without using the controller 101, the detector 102, and the
driver 104 in the aligning and mounting process (FIG. 14). In
the method of bonding the sub-substrate 40 described with
reference to FIGS. 12 to 14, the sub-substrate 40 may be
bonded to the silicon substrate 10 by using microbumps simi-
larto the different microbumps 18' and 19' shown in FIG. 9. In
the method of bonding the sub-substrate 40 described with
reference to FIGS. 12 to 14, as explained with reference to
FIG. 10 and FIGS. 11A to 11C, the sub-substrate 40 may be
bonded to the silicon substrate 10 by using an adhesive.

In the foregoing embodiment, as examples of the bonding
bumps, the microbumps 18, 19, and 53 each having a cylin-
drical projection and made of Au (refer to FIG. 4C) and the
microbumps 18' and 19' each having a truncated cone shape
and made of Au (refer to FIG. 9) have been described. Other
bonding bumps may be used as long as they are made of metal
and have a shape formed with high precision. The conditions
requested for the bonding bumps are that bumps have a mate-
rial and a shape by which a deformation amount in the case of
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applying a predetermined load and an elastic return amount in
the case of releasing a predetermined load which is applied
are always almost constant.

In the above example, in the optical module 1, the sub-
substrate 40 to which the LD element 20, the PPLN element
30, and the optical fiber 50 are fixed is bonded to the silicon
substrate 10 by surface-activation bonding using the
microbumps. Alternately, the sub-substrate 40 to which only
the LD element 20 and the PPLN element 30 or the PPLN
element 30 and the optical fiber 50 are fixed may be bonded to
the silicon substrate 10 by surface-activation bonding using
the microbumps so that optical coupling is carried out excel-
lently.

What is claimed is:
1. A method of manufacturing an optical module including
a first optical device and a second optical device bonded on a
substrate, comprising the steps of:
forming bonding bumps made of metal on the substrate;
bonding the first optical device on the substrate; and
bonding the second optical device on the substrate through
the bonding bumps,
wherein the step of bonding the second optical device
comprise the steps of:
detecting a first load where the first optical device and
the second optical device are optically coupled most
efficiently by using a photodetector for detecting light

10

20

25

12

emitted from the first optical device via the second
optical device while increasing a load applied to the
second optical device;

obtaining a second load which is larger than the first load
and causes the second optical device to a first position
where the first optical device and the second optical
device are optically coupled most efficiently after
releasing said second load in accordance with the
result of the detection; and

applying the second load to the second optical device.
and

wherein the bonding bumps are made of Au, and said

second optical device goes to a second position which is
lower than said first position by applying said second
load and returns up to said first position after releasing
said second load.

2. The method of manufacturing an optical module accord-
ing to claim 1, wherein the second optical device is bonded on
the substrate through the bonding bumps by surface activated
bonding.

3. The method of manufacturing an optical module accord-
ing to claim 1, wherein the second optical device is bonded on
the substrate by an adhesive.

4. The method of manufacturing an optical module accord-
ing to claim 1, wherein the bonding bumps include a plurality
of projections.
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